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(54) Diamond single crystal substrate 

(57) A diamond single crystal substrate obtained by 
a vapor-phase growth metfiod, wherein the diamond in- 
trinsic Raman shift of the diamond single crystal sub- 
strate surface measured by microscopic Raman spec- 
troscopy with a focused beam spot diameter of excita- 
tion light of 2 (im is deviated by +0.5 cm" 1 or more to 
+3.0 cm" 1 or less from thestandard Raman shift quantity 
of strain-free diamond, in a region (region A) which is 



more than 0% to not more than 25% of the surface, and 
is deviated by -1 .0 cm" 1 or more to less than +0.5 cm" 1 
from the standard Raman shift quantity of strain-free 
diamond, in a region (region B) of the surface otherthan 
the region A. The diamond single crystal substrate can 
be obtained with a large size and high-quality without 
cracking and is suitable for semiconductor materials, 
electronic components, and optical components or the 
like. 



FIG. 1 
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Description 

BACKGROUND OF THE INVENTION 

5 1 . Field of the Invention 

[0001] The present invention relates to a diamond single crystal substrate, and more particularly to a large, high- 
quality diamond single crystal substrate suitable for semiconductor materials, electronic components, and optical com- 
ponents or the like. 

10 

2. Description of the Prior Art 

[0002] Diamond, like no other material, has a large number of excellent characteristics as a semiconductor material, 
those characteristics including high thermal conductivity, high electron and hole mobility, high insulation breakdown 
? 5 field, low dielectric loss, and a wide band gap. In particular, UV light-emitting devices using a wide band gap of diamond 
and field-effect transistors having excellent high-frequency characteristic, etc. have been developed in recent years. 
Moreover, because diamond is transparent within a range from ultraviolet (UV) to infrared (IR) regions, it is also prom- 
ising as an optical component material. 

[0003] In order to use diamond as a semiconductor, similarly to other semiconductor materials, large, high-quality 

20 single crystal substrates are required. Presently, diamond single crystals are industrially obtained mainly by a high- 
temperature high-pressure synthesis method. The crystallinity of the single crystals thus obtained is superior to that 
of naturally produced single crystals, but the size is difficultto increase above 1 0 mm in diameter and nitrogen is present 
as an impurity in the crystals unless special growth conditions are employed. The nitrogen-containing substrates are 
difficultto use directly as semiconductor single crystals. Moreover, due to absorption inherent to nitrogen, such sub- 

25 strates are not suitable as window materials for UV rays. Accordingly, an attempt was made to obtain a large, high- 
purity single crystal substrate by using the aforementioned substrate as a seed substrate for vapor phase growth and 
to conduct homoepitaxial growth (lor example, Japanese Patent Publication Nos. 3-75298A and 2003-2771 B3A). 
[0004] When a diamond single crystal was homoepitaxially grown on a diamond single crystal seed substrate ob- 
tained by high-pressure synthesis, a phenomenon of residual stress accumulation in the vapor-phase grown layerwas 

30 confirmed (for example, Japanese Patent Publication No. 2003-2771 83A). When a diamond single crystal substrate 
is obtained by forming a single crystal thick film by vapor phase growth, a problem of substrate cracking due to stress 
accumulation is encountered. Because the probability of cracking increases with the increase in substrate size (increase 
in surface area and thickness), this problem is not resolved even when a method described in Japanese Patent Pub- 
lication No. 3-75298A is used, this method comprising the steps of forming a substrate serving as a nucleus for vapor 

35 phase growth by disposing a plurality of substances with a high-pressure phase that have substantially identical crystal 
orientation, growing a single crystal on this substrate by a vapor phase growth method, and obtaining an integrated 
large single crystal, Furthermore, the problems encountered during thick film growth are substantially not resolved 
even by conducting vapor phase growth of diamond single crystals from a seed substrate with a thickness of 1 00 u.m 
or less, as described in Japanese Patent Publication No. 2003-2771 83A. 

40 

SUMMARY OF THE INVENTION 

[0005] The present invention was created to overcome the aforementioned drawbacks and it is an object thereof to 
provide a large, high-quality diamond single crystal substrate suitable for semiconductor materials, electronic compo- 
45 nents, and optical components. 

[0006] In order to resolve the above-described problems, the present invention has the following aspects (1 ) to (7). 

(1) A diamond single crystal substrate obtained by a vapor-phase growth method, wherein the diamond intrinsic 
Raman shift of the diamond single crystal substrate surface measured by microscopic Raman spectroscopy with 

50 a focused beam spot diameter of excitation light of 2 u.m is deviated by +0.5 cm 1 or more to +3.0 cm" 1 or less from 

the standard Raman shift quantity of strain-free diamond, in a region (region A) which is more than 0% to not more 
than 25%, in area, of the surface, and is deviated by -1 .0 cm -1 or more to less than +0.5 cm" 1 from the standard 
Raman shift quantity of strain-free diamond, in a region (region B) of the surface other than the region A. 

(2) The diamond single crystal substrate according to above (1 ), wherein the surface area of the region A is from 
55 0.1% or more to 10% or less of the surface. 

(3) The diamond single crystal substrate according to above (1) or (2), wherein the full width at half maximum of 
the diamond intrinsic Raman peak in the region A is from 2.0 cm- 1 or more to 3.5 cm -1 or less, and the full width 
at half maximum of the diamond intrinsic Raman peak in region B is from 1 .6 cnr 1 or more to 2.5 cm -1 or less. 
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(4) A diamond single crystal substrate obtained by vapor-phase growth from a diamond single crystal seed sub- 
strate, wherein the diamond intrinsic Raman shift measured by setting the microfocus point on the interface of a 
seed substrate layer and a vapor-phase grown layer by the microscopic Raman spectroscopy with a focused beam 
spot diameter of excitation light of 2 u.m is deviated by -1 .0 cm -1 or more to less than -0.2 cm -1 from the standard 

5 Raman shift quantity of strain-free diamond, in a region (region C) which is more than 0% to not more than 25%, 

in area, of the interface, and is deviated by -0.2 cm -1 or more to +0.2 cm" 1 or less from the standard Raman shift 
quantity of strain-free diamond, in a region (region D) of the interface other than the region C. 

(5) The diamond single crystal substrate according to above (4), wherein the surface area of the region C is from 
0.1% or more to 10% or less of the interface. 

10 (6) The diamond single crystal substrate according to any of above (1)to (5), having a diameter of 10 mm or more. 

(7) The diamond single crystal substrate according to any of above (4) to (6), obtained by vapor-phase growth 
from a diamond single crystal seed substrate, wherein prior to vapor-phase growth, the surface layer of the seed 
substrate is etched away by reactive ion etching and then vapor-phase growth is conducted. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 is a schematic diagram illustrating Raman spectroscopy measurements of the example of the present 
invention. 

[0008] FIG. 2 is an example of the Raman spectrum measured in the example of the present invention. 
20 [0009] FIG. 3 is an example of the Raman shift distribution on the surface of the example of the present invention. 
[0010] FIG. 4 is an example of the Raman shift distribution on the growth interface of the example of the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

25 

[0011] The above-described present invention with be explained below. 

[0012] By using a microscopic Raman spectroscope capable of measuring a two-dimensional surface distribution, 
the inventors have analyzed in detail the phenomenon of stress accumulation in homoepitaxial growth of diamond. 
The results obtained demonstrated that in the Raman shift distribution on the growth surface of a single crystal thin 

30 film there is sometimes an area with a deviation of several cm -1 in both directions from 1332 cm -1 , which is the standard 
Raman shift of diamond. Because the Raman shift is caused by the natural frequency of a crystal lattice, in the region 
with a deviation from the standard shift inherent to diamond, the crystal lattice is strained by contraction or expansion 
with respect to the usual state. Here, it was found that when the homoepitaxial growth is further continued, the single 
crystal is frequently cracked when the surface area of the strain region measured by the initial Raman shift measure- 

35 ments is above a fixed value, or when the Raman shift quantity in this region exceeds a certain threshold value, or 
when the half width of the Raman peak exceeds a certain range. This finding led to the creation of the present invention. 
[0013] Thus, a diamond single crystal substrate in accordance with the present invention is a substrate obtained by 
a vapor-phase growth method, wherein the diamond intrinsic Raman shift of the diamond single crystal substrate 
surface measured by microscopic Raman spectroscopy with a focused beam spot diameter of excitation light of 2 urn 

40 is deviated by +0.5 cm -1 or more to +3.0 cm -1 or less from the standard Raman shift quantity of strain-free diamond, 
in a region (region A) which is more than 0% to not more than 25%, in area, of the surface, and is deviated by -1 .0 
cm" 1 or more to less than +0.5 cm" 1 from the standard Raman shift quantity of strain-free diamond, in a region (region 
B) of the surface other than the region A. Because the deviation quantity from the standard Raman shift quantity 
indicates the size (intensity) of strains and the surface area thereof corresponds to the strain region, the inventors 

45 assumed that the cracking probability of a single crystal substrate can be represented by a function thereof and have 
experimentally clarified that this probability is correlated with the Raman shift quantity and the surface area thereof. 
Thus, if the Raman shift quantity and region are within the above-described range, the substrate can be used as a 
large, high-quality diamond single crystal substrate suitable for semiconductor and optical applications. Moreover, a 
single crystal thick film having no cracks can be also formed by homoepitaxial growth using this substrate as a seed 

so substrate. 

[0014] The area of the region A as defined above by Raman shift may be more than 0% to not more than 25% of 
the surface, preferably 10% or less, even more preferably 3% or less. Generally, the smaller is this region, the lower 
is the probability of cracking in the subsequent homoepitaxial growth. The results of a detailed study demonstrated 
that if this strain region A is too small, the probability of cracking sometimes increases due to local strain concentration. 
55 Thus, it is desirable that the region A be present at least on 0.1% of the surface. The shift quantity in the region A may 
be +0.5 cm -1 or more to +3.0 cm -1 or less from the standard Raman shift of strain-free diamond, preferably +0.5 cm -1 
or more to +2.0 cnrr 1 or less, even more preferably +0.5 cm" 1 or more to +1 ,0 cm" 1 or less. The maximum shift quantity 
in the region A most often appears in the most strained region in the crystal, and the smaller is the numerical value 
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thereof, the smaller are the strains. Therefore, the probability of cracking decreases. However, for the same reason 
as the increase in cracking probability observed when the surface area of the region A becomes too small, in order to 
cause strain relaxation in the entire crystal, it is necessary that the region with a deviation quantity of +0.5 cm -1 or more 
be on the crystal surface. Thus, in accordance with the present invention, the aforementioned designated region with 

5 a deviation quantity of +0.5 cm -1 or more is defined as the region A. 

[0015] The region B as defined above by Raman shift is a portion appearing as a counteraction to compressive 
strains of the region A. The shift quantity therein may be -1 .0 cm" 1 or more to less than +0.5 cm" 1 from the standard 
Raman shift quantity of the strain-free diamond, preferably -0.5 cm' 1 or more to less than +0.5 cm" 1 . In the portion 
deviated toward a lower wavenumbersidefromthestandard shift, tensile strains are accumulated and when the quantity 

10 of the deviation to the lowest waven umber is less than -1 .0 cm" 1 , the probability of cracking increases. Conversely, the 
closerthe numerical value to 0 cm" 1 , the smaller are the strains, andthe probability of cracking decreases. Therefore, 
a crack-free single crystal thick film can be also formed by homoepitaxial growth using this substrate as a seed sub- 
strate. 

[0016] The full width at half maximum of the diamond intrinsic Raman peak in the region A is preferably 2.0 cm" 1 or 
15 more to 3.5 cm" 1 or less, and that of the region B is preferably 1 .6 cm" 1 or more to 2.5 cm" 1 or less. The full width at 
half maximum of the Raman peak is a numerical value that reflects crystal Unity, and generally smaller values indicate 
a better crystal quality. In the region A, compressive strains are present. Therefore, the full width at half maximum 
expands with respect to that of strain-free crystal. However, in the above-described numerical range, cracks are absent 
and the crystal can be used as a high-quality semiconductor. The aforementioned numerical range is preferred. At 
20 smaller numerical values, the probability of cracking increases due to strain diffusion, and at larger numerical values 
the crystal is difficult to use as a high-quality semiconductor due to degradation of crystallinity. In the region B, the full 
width at half maximum expands due to a counteraction to strains generated in the region A, but within the above- 
described numerical range, the substrate can be readily used as a high-quality single crystal substrate for semicon- 
ductors or the like. 

25 [0017] The above-described diamond single crystal substrate can be obtained by homoepitaxial growth from a dia- 
mond single crystal seed substrate, as a representative method, but may be also obtained by heteroepitaxial growth 
from a different seed substrate or may be a single crystal substrate obtained by other vapor-phase growth methods. 
In the case of homoepitaxial growth, the Raman measurements may be conducted after the single crystal is grown by 
a vapor-phase growth method on adiamond single crystal seed substrate orafterthe seed substrate has been removed, 

30 for example, by polishing. 

[0018] Furthermore, the diamond single crystal substrate in accordance with the present invention is a diamond 
single crystal substrate obtained by a vapor-phase growth from a diamond single crystal seed substrate, wherein the 
diamond intrinsic Raman shift of the diamond single crystal substrate surface measured by setting the microfocus point 
on the interface of a seed substrate layer and a vapor-phase grown layer in the microscopic Raman spectroscopy with 

35 a focused beam spot diameter of excitation light of 2 |im is deviated by -1 .0 cm -1 or more to less than -0,2 cm -1 from 
the standard Raman shift quantity of strain-free diamond in a region (region C) which is more than 0% to not more 
than 25% of the interface, and is deviated by -0.2 cm -1 or more to +0,2 cm" 1 or less from the standard Raman shift 
quantity of strain-free diamond in a region (region D) of the interface other than the region C. 
[0019] The inventors have employed the above-described microscopic Raman spectroscopy during homoepitaxial 

40 growth of diamond and measured the Raman shift distribution by setting the microfocus point on the interface of the 
seed substrate layer and vapor-phasa grown layer. The results demonstrated that at the interface directly below the 
aforementioned region A, the shift was toward a lower wavenumber side with respect to the standard Raman shift 
quantity of diamond and the correlation between this deviation quantity, region surface area, and cracking was con- 
firmed. Thus, the region C of the Raman shift may be 25% or less of the interface, preferably 10% or less, more 

45 preferably 3% or less. Generally, the smaller is this region, the lower is the probability of cracking in the subsequent 
homoepitaxial growth. The results of a detailed study demonstrated that if this strain region C is too small, the probability 
of cracking increases due to local strain concentration. Thus, it is desirable that the region C be present at least on 
0,1% of the measurement interface, The shift quantity in the region C maybe -1 .Ocrrr 1 or more to less than -0.2 cm" 1 
from the standard Raman shift of strain-free diamond, preferably -0.5 cm -1 or more to less than -0.2 cm -1 . 

so [0020] In the region C, tensile strains accumulate as a counteraction to compressive strains in region A, and when 
the quantity of the deviation to the lowest wavenumber is -1 .0 cm" 1 or less, the probability of cracking increases. 
Conversely, the closer is the numerical value to -0.2 cm -1 , the smaller are the strains, and the probability of cracking 
decreases, Therefore, a crack-free single crystal thick film can be also formed by homoepitaxial growth using this 
substrate as a seed substrate. However, if the region with a deviation quantity of less than -0.2 cnr 1 disappears from 

55 the interface, the probability of cracking increases due to strains in the entire crystal. Therefore, the region with a 
deviation quantity of less than -0.2 cm" 1 is necessary in the crystal interface to relax the strains. Thus, in the present 
invention, the aforementioned designated region with a deviation quantity of less than -0.2 cnr 1 is defined as a region 
C. Further, in the region D, which is a measurement region other than the region C, the deviation quantity may be of 
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-0.2 cm -1 to +0.2 cm" 1 from the standard Raman shift quantity of strain-free diamond. 

[0021] The aforementioned regions A and C may be within the above-described ratios in terms of the measurement 
region area of Raman distribution, but it is preferred that individual regions be dispersed and present as portions of 
small surface area. When the regions A and C concentrate in one region on the surface or interface, strain concentration 

5 causes cracking easier than in the case where the regions are dispersed, while having the same surface area. 

[0022] If the diamond single crystal substrate in accordance with the present invention satisfies the conditions placed 
on the Raman shift distribution, and the diameter of the diamond single crystal is 10 mm or more, it is especially 
promising as a large single crystal substrate for optical applications. In the present specification, the diameter is the 
length of a longest line that can be drawn inside a single crystal of a certain size and shape. 

10 [0023] A microwave plasma chemical vapor deposition (C VD) method, direct current (DC) plasma CVD method, and 
other well-known growth methods can be used as vapor-phase growth methods for synthesizing the single crystal in 
accordance with the present invention. When a diamond single crystal substrate is homoepitaxially grown by those 
growth methods, it is preferred that the surface layer of the diamond single crystal seed substrate be etched away in 
advance by reactive ion etching and then a single crystal be vapor phase grown. It is desirable that the surface of the 

1S single crystal seed substrate for vapor phase growth be mechanically polished, but the polished surface includes 
processing-modified layers comprising metal impurities and processing defects that are detrimental for single crystal 
vapor-phase growth. Those processing-modified layers can be removed by reactive ion etching priorto crystal growth 
and a high-quality diamond single crystal can be obtained, this single crystal having strains dispersed to a degree 
causing no cracking. 

20 [0024] The reactive ion etching can be implemented by well-known methods. Such methods can be generally clas- 
sified into methods using capacitively coupled plasma (CCP) where a high-frequency power source is connected to 
electrodes arranged opposite each other in a vacuum vessel and methods using inductively coupled plasma (ICP) 
where a high-frequency power source is connected to a coil disposed so as to be wound around a vacuum vessel. 
There are also methods that are combinations of the aforementioned methods. Any of such methods can be used in 

25 accordance with the present invention. A mixed gas of oxygen and carbon fluoride is used as the etching gas in reactive 
ion etching, and the etching pressure is preferably 1 .33 Pa or more to 13.3 Pa or less. Using the above-mentioned gas 
and pressure makes it possible to remove the processing-modified layer rapidly and to obtain a flat surface. Further, 
the appropriate etching thickness is 0.5 urn or more to 50 u.m or less and the substrate temperature during etching is 
800 K or less, preferably 600 K or less. Conducting etching under such conditions increases the crystallinity of the 

so diamond single crystal substrate obtained in subsequent vapor phase growth. 

[0025] Awell-known light sourcesuch as a lasercan be used as the excitation lightsource in the microscopic Raman 
spectroscopy in accordance with the present invention, but the diameter of the focused light on the substrate surface 
or on the interface of the seed substrate layer and grown layer has to be 2 u.m. Generally, when a gas laser or solid 
laser is used as the light source, the aforementioned focused light diameter can be realized with a lens with a micro- 

35 scopic (object) magnification of 1 00. The aforementionedfocused light diameter can be also realized with a combination 
of variable pin holes or slits, rather than with the lens. The focused light illumination energy density of the excitation 
light may assume any value, but the process has to be implemented at an energy density (differs depending on the 
wavelength) which does not damage the diamond. Any wavelength from ultraviolet to infrared range can be used as 
the wavelength of the light source, but when the Raman spectroscopy measurements are conducted on the interface 

40 of the seed substrate layer and grown layer, it is necessary to introduce the excitation light from the grown layer side 
and to measure the Raman shift. Therefore, a wavelength that is not absorbed by the grown layer has to be selected. 
The wavelength resolution of the Raman spectroscope used in accordance with the present invention may be 2.0 cm" 1 
or less in terms of a full width at half maximum of the Rayleigh scattering light peak under 51 4.5 nm light emission by 
an argon laser. Thefullwidth athalf maximum and wavenumberof the Raman shift peak in accordance with the present 

45 invention are found by fitting with a Gaussian-Lorentzian function. When the surface distribution of Raman shift is 
measured, the measurement area is sectioned in a lattice form with a pitch of 5 u.m or less, the Raman shift in the 
sections is measured, and the deviation quantity is plotted on a plane. Because the deviation quantity between the 
sections can be evaluated by interpolation, surface area of the respective regions can be found. 
[0026] The present invention can provide a crack-free diamond single crystal substrate which can be used as a large 

so and high-quality diamond single crystal substrate for semiconductor materials, electronic components, and optical 
components. 

[0027] The present invention will be described hereinbelow in grater details based on examples thereof. 
EXAMPLES 

55 

[0028] In Example 1, an example is considered in which homoepitaxial growth was conducted from a diamond single 
crystal seed substrate obtained by high-temperature high-pressure synthesis and a vapor-phase growth diamond single 
crystal substrate was obtained. The seed substrate had a square shape with length and a width of 8 mm (diameter 
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11 .2 mm) and a thickness of 0.3 mm, and the main surface and side surfaces thereof were mechanically polished. The 
plane orientations of the main surface and all the side surfaces were {100}. First, the surface layer of the main surface 
of the seed substrate was etched away by reactive ion etching of the well-known type in which high-f req uency discharge 
was induced between the electrodes. The etching conditions are shown in Table 1 . 

Table 1 



High-frequency wave frequency 


13.56 MHz 


High-frequency wave power 


300 W 


Pressure inside chamber 


6.67 Pa 


Flow rate of 0 2 gas 


1 0 seem 


Flow rate of CF 4 gas 


10 seem 


Substrate temperature 


550 K 


Etching time 


1 hour 



[0029] When etching was conducted under the conditions of Table 1, the main surface of the seed substrate was 
removed by 0.6 urn in thickness by etching. 

[0030] Then, a single crystal was homoepitaxially grown on the seed substrate by a known microwave plasma CVD 
method. The growth conditions are shown in Table 2. 

20 

Table 2 



High-frequency wave frequency 


2.45 GHz 


High-frequency wave power 


5 kW 


Pressure inside chamber 


1 .33 x 1 04 Pa 


Flow rate of H 2 gas 


1 00 seem 


Flow rate of CH 4 gas 


5 seem 


Substrate temperature 


1200 K 


Etching time 


20 hours 



[0031] As a result of the growth, a diamond single crystal substrate with a thickness of the vapor-phase grown single 
crystal layer of 0.1 mm was obtained. 

[0032] The surface distribution measurements of Raman shift were conducted under the conditions shown in Table 
3 with respect to the diamond single crystal substrate thus obtained and the interface of the seed substrate layer and 
the grown layer. 



Table 3 



Excitation light source 


Second harmonic wave of LD excitation YAG laser 


Wavelength 


532 nm 


Focused beam spot diameter 


2 urn 


Wavelength resolution 


1 .6 cm -1 (at 523 nm Rayleigh scattering light) 


Focused beam illumination energy 


10 mW 


Measurement points 


substrate surface, interface of seed substrate and grown layer, lattice with a 
pitch of 5 u.m 



[0033] The schematic drawing of the measurements is shown in FIG. 1 . In FIG. 1 , the reference numeral 1 stands 
for the vapor-phase grown layer of the diamond single crystal substrate, 2 - the seed substrate layer of the diamond 
single crystal substrate, 3 - a laser light source for Raman spectroscopy (surface measurements), 4 - a laser light 
so source for Raman spectroscopy (measurements on the interface of the seed substrate and the grown layer), and 5 - 
is a scanning direction of Raman distribution measurements. 

[0034] An example of representative Raman spectrum measured under the conditions shown in Table 3 is shown in 
FIG. 2. In the figure, the reference numeral 6 stands for an example of a standard Raman spectrum, 7 - an example 
of Raman spectrum of region A, and 8 - an example of Raman spectrum of region C. As shown in FIG. 2, a region was 
55 observed with a deviation toward a higher wavenumber side from 1332 cm -1 , which is the standard shift quantity of 
strain-free diamond, on the grown surface. Conversely, a region with a deviation toward a lower wavenumber side from 
1332 cm -1 was observed on the interface of the seed substrate layer and grown layer. 

[0035] Here, the peak wavenumber was found by fitting with a Gaussian-Lorentzian function with respect to the 
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measured Raman shift peaks, and the deviation quantity distribution from the standard shift quantity was found. FIG. 
3 shows an example of measured distribution in a partial region (70 u.m x 70 um) of the substrate surface, and FIG. 4 
shows a distribution in a partial region (70 um x 70 um) of the interface of the seed substrate layer and grown layer. 
As shown in FIG. 3, in the region (region A) that is part of the surface, comparatively large compressive strains were 
s observed at a deviation quantity of +0.5 to +0.8 cm' 1 from the diamond standard shift, and in the remaining region 
(region B), practically no strains were present at a deviation quantity of -0.4 to +0.4 cm" 1 . Further, as shown in FIG. 4, 
in the region (region C) that is part of the interface, comparatively large tensile strains were observed at a deviation 
quantity of -0.4 to -0.3 cm" 1 from the diamond standard shift, and in the remaining region (region D), practically no 
strains were present at a deviation quantity of -0.2 to +0.2 cnr 1 . The entire surface of the single crystal substrate was 
evaluated by this method; the surface area proportions of the obtained regions A, B, C, D were 0.5%, 99.5%, 0.3%, 
and 99.7%, respectively. Furthermore, the full width at half maximum of the Raman peak of region A was 2.1 - 2.6 
cm -1 , and that of region B was 1 .7 - 2.4 cm" 1 . 

[0036] Then, additional homoepitaxial growth with a growth time of 80 hours was conducted under the same condi- 
tions as those of Table 2 with respect to the diamond single crystal substrate obtained by the above-described method. 

15 As a result, the total thickness of the vapor-phase grown single crystal layer was 0.5 mm. Then, the surface distribution 
of Raman shift was measured under the conditions identical to those of Table 3 and a shift distribution similar to the 
above-described distribution was measured. In order to avoid mixing up the two distributions, the newly measured 
regions were assigned with symbols ('). The deviation quantity from the standard shift quantity in regions A', B', C, D' 
was +0.5 to +1.0 cm- 1 , -0.5 to +0.4 cm" 1 , -0.5 to -0.3 cm" 1 , and -0.2 to +0.2 cm" 1 , and the respective surface area 

20 proportions were 2.9%, 97.1%, 1 .4%, and 98.6%. Further, the full width at half maximum of the Raman peak of the 
region A' was 2.4 to 3,4 cm" 1 and that of region B' was 2.0 to 2.5 cm" 1 . The deviation quantity (strain quantity) of the 
Raman shift, surface area of deviation regions (regions A', C), and full width at half maximum of the peaks in the 
additional growth increased by comparison with those of the initial growth and measurements, and the single crystal 
substrate could be grown without cracking. Further, the seed substrate portion was mechanically removed from the 

25 grown single crystal substrate by polishing and the optical transmission spectrum thereof was measured. Atransmit- 
tanceof 60% or more was demonstrated from the absorption and of 225 nm to anear-IR region over the entire crystal 
surface and a high-quality single crystal was obtained. Those results confirmed that the diamond single crystal substrate 
of the present example had a large size and high quality. 

[0037] The example (Example 2) in which the etching time was changed and a comparative example illustrated by 
30 Table 1 will be described below. The single crystal growth conditions and evaluation items and conditions are identical 
to those of Example 1 . The etching time and Raman evaluation results are shown in Table 4. 
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[0038] Example 2 in Table 4 represents an example in which the etching thickness was small and etching time prior 
to vapor phase growth was short. In the first homoepitaxial growth, the regions A and C expanded with respect to those 
of the previous example, and the peak deviation and full width at half maximum of the peaks also increased, but a 
crack-free integrated body was obtained after the growth. However, it was found that after the subsequent second 

5 growth, cracking proceeded together with the seed crystal and the initial strains expanded causing cracking. When the 
Raman shift distribution was measured for the cracked substrate, it was found that the maximum peak deviation and 
strain regions A. C expanded with respect to those of the first growth and crystallinity degraded. 
[0039] Example 3 represents an example in which the etching thickness was large and etching time prior to vapor 
phase growth was long. In the first homoepitaxial growth, by contrast with Example 2, the regions A, C became narrow 

10 end practically could not be observed. However, in the subsequent second growth, conversely, both the regions and 
the peak deviation were expanded which resulted in substrate cracking. Thus, it was found that: initial strains, even 
when they are very small, create a problem from the standpoint of cracking prevention. 

[0040] Based on those results it was found that the thickness allowing for crack-free homoepitaxial growth was limited 
by the difference in the initial etching thickness, and the threshold value of the strain quantity could be specified by the 

15 above-described Raman measurement method. Furthermore, conversely, the probability of cracking during subsequent 
additional growth could be predicted by measuring the Raman shift quantity and distribution after the growth. 
[0041] Finally, in the comparative example in which no etching was conducted prior to vapor phase growth, the 
substrate cracked after the first homoepitaxial growth. When the Raman shift distribution in the cracked substrate was 
measured, it was found that the surface area of strain regions A, C, peak deviation, and full width at half maximum of 

20 the peak were larger than those of Example 2 and the cracking threshold was exceeded in the first growth, thereby 
causing cracking. 

[0042] Those results indicated that the diamond single crystal represented by Example 1 is a large, high-quality 
single crystal substrate that can be used for semiconductors and optical components. 

25 

Claims 

1. A diamond single crystal substrate obtained by a vapor-phase growth method, wherein 

a diamond intrinsic Raman shift of the diamond single crystal substrate surface measured by microscopic 
30 Raman spectroscopy with a focused beam spot diameter of excitation light of 2 u.m is deviated by +0.5 cm" 1 or 

more to +3.0 cm -1 or less from the standard Raman shift quantity of strain-free diamond, in a region (region A) 
which is more than 0% to not more than 25%, in area, of the surface, and is deviated by -1 .0 cm -1 or more to less 
than +0.5 cm -1 from the standard Raman shift quantity of strain-free diamond, in a region (region B) of the surface 
other than the region A. 

35 

2. The diamond single crystal substrate according to claim 1 , wherein the surface area of said region A is from 0.1 % 
or more to 10% or less of the surface. 

3. The diamond single crystal substrate according to claim 1 or claim 2, wherein 

40 a full width at half maximum of a diamond intrinsic Raman peak in said region A is from 2.0 cm -1 or more to 

3.5 cm -1 or less, and 

a full width at half maximum of a diamond intrinsic Raman peak in said region B is from 1 .6 cm -1 or more to 
2.5 cm -1 or less. 

45 4. A diamond single crystal substrate obtained by vapor-phase growth from a diamond single crystal seed substrate, 
wherein 

a diamond intrinsic Raman shift measured by settingthe microfocus point on an interface of a seed substrate 
layer and a vapor-phase grown layer by the microscopic Raman spectroscopy with a focused beam spot diameter 
of excitation light of 2 urn is deviated by -1.0 cm' 1 or more to less than -0.2 cnr 1 from the standard Raman shift 
so quantity of strain-free diamond, in a region (region C) which is more than 0%to not more than 25%, in area, of the 

interface, and is deviated by -0.2 cm -1 or more to +0.2 cm -1 or less from the standard Raman shift quantity of 
strain-free diamond, in a region (region D) of the interface other than the region C. 

5. The diamond single crystal substrate according to claim 4, wherein the surface area of said region C is from 0.1% 
55 or more to 10% or less of the interface. 

6. The diamond single crystal substrate according to any of claims 1 to 5, having a diameter of 1 0 mm or more. 
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The diamond single crystal substrate according to any of claims 4 to 6, obtained by vapor-phase growth from a 
diamond single crystal seed substrate, wherein 

prior to vapor-phase growth, a surface layer of said seed substrate is etched away by reactive ion etching 
and then vapor-phase growth is conducted. 
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FIG. 1 




1325 1327 1329 1331 1333 1335 1337 1339 

RAMAN SHIFT WAVENUMBER ( cm" 1 ) 



JSDOCIDkEP 1591565A1 I > 



11 



EP 1 591 565 A1 



FIG. 3 
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